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SUMMARY

The objective of this report is to document the study of the gas-phase reaction of the
hydroxyl radical (OH) with dimethyl succinate (DMS, CH;0C(=0O)CH,CH,C(=0)OCHj;).
With the increased usage of oxygenatated organic compounds in paints and paint strippers
as replacements for regulated volatile organic carbon containing-solvents and in fuels to
promote better combustion, a better understanding of their environmental impact to the
atmosphere is necessary. Previous studies of the products from OH + oxygenated organic
reactions have illustrated the complexity of their atmospheric reaction mechanisms.
Detailed studies of the reaction kinetics and products are needed to support hydroxyl radical
reaction mechanism patterns based on structure-activity relationships (SAR) which are used
to determine environmental impact.

The relative rate technique was used to examine the kinetics for the gas-phase
reaction of OH + DMS. In these experiments the OH radical was generated from the
photolysis of methyl nitrite in the presence of DMS, nitric oxide and a reference organic
compound having a published rate constant for reaction with OH. The loss of DMS relative
to the loss of the reference was used to determine the DMS rate constant. The measured rate
constant was (1.5 + 0.4) x 10™'? cm® molecule™ s at 297 + 3 °K and 1 atmosphere total
pressure. This is in agreement with the predicted value of 1.15 x 10" cm® molecule™ s™
determined by SAR.

To more clearly define DMS’s atmospheric degradation mechanism, the products of
the OH + DMS reaction were also investigated. The only primary product detected was

mono methyl succinate (MMS, CH;0C(=0)CH,CH,C(=0)OH)) at a yield of only



2.17 £ 0.25%. Extensive efforts were used to identify other primary products but none
were measured. Formic acid (HC(=O)OH ); however, was observed as a secondary product
being formed at a rate of (4.6+ 1.3) x 10"*molecules second™, 60 minutes after initiating
the OH + DMS reaction. Formic acid is believed to be a degradation product of the primary
product, methyl glyoxylate (MG, CH;0C(=0O)C(=0O)H). Product formation pathways are
discussed in light of current understanding of the atmospheric chemistry of oxygenated

organic compounds.
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1.0 INTRODUCTION

Oxygenated organic compounds are being used in paints and paint strippers as
replacements for regulated VOC solvents. Oxygenated organics are also being used in fuels
to promote better combustion, increase octane rating, reduce the production of carbon
monoxide and reduce photochemically active volatile exhaust emissions. With the increased
usage of these compounds, a better understanding of their environmental impact is
necessary. While several hydroxyl radical (OH) + oxygenated organic bimolecular rate
constants are well known, details pertaining to the reaction mechanisms are limited. The
few completed studies of the products from OH + oxygenated organic reactions have
illustrated the complexity of their atmospheric reaction mechanisms [1-5]. These details are
needed to support hydroxyl radical reaction mechanism patterns based on structure—activity

relationships (SAR) which are used to determine environmental impact [6].

The newly revised ozone (O3) and particulate matter regulations of the Clean Air Act
Amendments have placed a greater emphasis on understanding detailed atmospheric
mechanisms of oxygenated organic compounds. While not emitted directly, O3 is a by-
product of the photooxidation of volatile organic compounds [7]. Thus, sources that
contribute to O3 formation in the troposphere, either directly or indirectly, are or could be
regulated. Currently, the reactivity models used to calculate a compound’s incremental
reactivity incorporate educated assumptions about a compound’s unknown atmospheric
mechanism [8]. In order to minimize uncertainties and calculate a compound’s incremental

reactivity more accurately, the rate constant and the transformation mechanism of that



compound must be well understood. This need has been demonstrated in a recent paper by

Bergin et al. [9]

As a side benefit, understanding the compounds’ atmospheric mechanisms in detail
can provide a basis for chemical selection based on structure. There is the possibility of
synthesizing new compounds that incorporate environmentally and technically beneficial
molecular structures. The information gained from the type of research presented here can

lead to more beneficial use of these and similar compounds in the future.

Dimethyl succinate (DMS, CH;0C(=0)CH,CH,C(=0)OCH3) is one of a series of
oxygenated organics present in consumer product formulations as a possible substitute
solvent. In the work presented here, the rate constant of OH + DMS was measured by the
relative rate method [10]. The products of the OH + DMS reaction are also reported and
used to derive the DMS atmospheric reaction mechanism. The reaction mechanism for

DMS has not been reported previously.

2.0 EXPERIMENTAL METHODS

2.1 Apparatus and Materials.

Experiments to measure the gas-phase rate constant and transformation products of
the OH + dimethyl succinate (DMS, CH;0C(=0)CH,CH,C(=0)OCHj3) reaction were
conducted with a previously described apparatus [1, 11,12]. A brief description is provided
here. Reactants were introduced and samples were withdrawn through a 6.4-mm Swagelok
fitting attached to a 100-L, 2-mil FEP Teflon®-film bag. The filler system was equipped

with a syringe injection port facilitating the introduction of both liquid and gaseous



reactants into the bag by a flowing airstream. The syringe injection port was heated to insure
DMS vaporization (200 °C boiling point). Dry compressed air was used as the diluent to the
reaction bag and measured with a 0—100 L-min™ mass flow controller. All reactant
mixtures and calibration standards were generated by this system. Irradiations were carried
out in a light-tight chamber with the bag surrounded by the following mix of lamps: six
Philips TL40W/03; one GE F40BL; two QPANEL UV351 and seven QPANEL UV340.
This lamp mixture approximates solar radiation from 300 to 450 nm. The entire reaction
chamber was maintained at 25 °C.

Kinetic experiments were quantitatively monitored using a Hewlett—Packard (HP)
gas chromatograph (GC) 5890 with a flame ionization detector (GC/FID) or a mass
selective detector (GC/MS) and HP series ChemStation™ software. Gas samples for both
detectors were cryogenically collected on a Hastelloy C sample loop (1.3 mL) and injected
onto the GC column (Restek Rtx-1 or Stabilwax column (0.53 mm i.d., 30 m, 1.0 um film
thickness)) with a heated rotary valve [13]. The GC/FID temperature program used was as
follows: 35°C for 5 minutes then 10°C/min to 130°C and held for 5 minutes then 20°C/min
to 200°C and held for one minute. The GC/MS temperature program used was as follows:
35°C for 5 minutes then 10°C/min to 255°C and held for one minute. Helium (UHP grade),
the carrier gas, was supplied by Air Products and used as received.

Product identification experiments were accomplished with a HP 5890 Series II Plus
GC/ HP 5971 mass selective detector/HP 5965B infrared detector (GC/MS/FTIR) system.
The mass selective detector was tuned using perfluorotributylamine (FC-43). Full-scan
electron impact ionization spectra were collected from 25 to 220 mass units. The infrared

detector (GC/MS/FTIR) was operated at 8 cm ™' resolution with four scans averaged to give



a single IR spectrum every 1.5 seconds. Preliminary compound identifications from the
GC/MS/FTIR data sets were made by searching the Wiley/NBS Mass Spectra Library and
the EPA vapor library. Pure samples of the identified products, if available, were then
analyzed to check for matching spectra (MS and FTIR) and retention times. Compound
separation was achieved using the same chromatographic parameters of the GC/MS as
described above.

To determine carbonyl compounds produced by the gas-phase reaction of OH +
DMS, 10 liters of chamber content were flowed over 2,4-dinitrophenylhydrazine (DNPH)
impregnated cartridges. Hydrazones formed by derivatization were separated and
quantitatively measured by HPLC (HP 1050) using a three-component gradient solvent
program and UV detection as described previously [14].

Due to the very low number of products and their low yields for OH + DMS found
using the instruments listed above, a ThermoQuest Trace 2000 Series GC in series with a
GCQ Plus MS/MS, new to this laboratory, was implemented to try and identify fragments of
product fragments. The MS/MS feature could lend insight to the primary products of OH +
DMS that were not being seen by traditional methods. Gas samples from a 100-L Teflon®
bag were collected cryogenically as described above. Approximately 1.3-mL samples were
directly delivered to the mass spectrometer electron ionization (EI) source through a
0.18 mm ID x 5 m length of Restek Hydroguard FS guard column using the GCQ diffusion
pump, which provided a vacuum of 10~ Pa (10™ Torr). In the EI source, a beam of
electrons, maintained at a negative potential of -70V relative to the ion volume, transferred

the formed ions into the mass analyzer using three ion-focusing lenses.



Drawn by a DC offset voltage (-10V positive/+10V negative polarity mode) the ions
entered the mass analyzer where a ring electrode between the endcaps was ramped from low
to high voltage causing ions of greater mass-to-charge ratios to become unstable, thus
creating collision induced dissociation. These product ions were ejected from the mass
analyzer, through the exit lens, and focused toward the ion detection system. The ion
detector used was a high-sensitivity, off-axis system that included a 15-kV conversion
dynode and a continuous-dynode electron multiplier.

In all identification experiments, the GCQ was operated in the positive ion mode
using both scanning (MS) and collision-induced dissociation (MS/MS) methods. For
MS/MS experiments, the particles were ionized at >1 eV (determined during real-time) with
a scan range of 35-250 m/z.

Hydroxyl radical, the primary oxidizing radical in the atmosphere, was generated
from the photolysis of methyl nitrite (CH;ONO) in the presence of nitric oxide (NO) in air

[10].

CH;ONO + hv — CH;0 + NO (1)
CH;O + 0, — CH,0 + HO, )
HO, + NO - OH + NO, (3)

CH;0ONO was prepared in gram quantities using the method of Taylor et al. [15] and stored
in a lecture bottle at room temperature. The CH30NO purity (>95%) was verified by
GC/MS/FTIR.

All other compounds were used as received. Dimethyl succinate (99%) was
purchased from Du Pont Chemicals. Chem Service supplied diethyl ketone (98%). Methyl

ethyl ketone (99+%) and monomethyl succinate (95%) were received from Aldrich. Fisher



Scientific produced the methanol and acetonitrile (HPLC Grade). Water was distilled,
deionized to 18 megaohm, and filtered using a Milli-Q® filter system. Dinitrophenyl-
hydrazone (DNPH) standards were purchased from Radian Corporation. Nitric oxide
(5000 ppm) was obtained from Matheson Gases. Experiments were carried out at
297 + 3 °K and atmospheric pressure.

2.2 Experimental Procedures

The experimental procedures for determining the OH + DMS reaction kinetics were

similar to those described previously [11, 12].

k
OH + DMS —PMS__, poducts 4)
Kr
Reference + OH ———— Products (%)

The rate equations for reactions (4) and (5) are combined and integrated resulting in the

following equation:

[DMS], | _ kows |, [ [R],
DMS], ) ke ([R]

In

t t

If reaction with OH is the only removal mechanism for DMS and reference, a plot of
In([DMS]y/[DMS],) versus In ([R]o/[R]) yields a straight line with an intercept of zero.
Multiplying the slope of this linear plot by Kg yields kpys. The OH rate constant experiments
for DMS employed the use of two reference compounds, diethyl ketone (DEK) and methyl
ethyl ketone (MEK). The use of two reference compounds with different OH rate constants,
one faster and one slower than the expected rate constant for DMS, more definitively assured
the accuracy of the OH + DMS rate constant and provided evidence that other reactions were

not involved in DMS removal from the system.



For rate constant determination, the typical concentrations of the pertinent species in
the 100-L Teflon® bag were 4.4 — 7.3 ppm DMS, 3.5-5.5 ppm reference, 40 ppm CH;ONO,
and 2 ppm NO in air. The bag was sampled for initial species concentration ([Xy]) and then
irradiated for 45, 75, 105, and 135 seconds. These initial and irradiated mixtures were
allowed to stand for 30—60 minutes before samples were collected on a cryogenic (-100 °C)
sample loop (described above) for 4 minutes at 25 mL min™' and then flash injected (300 °C)
onto the GC column [13]. The combined total photolysis time was approximately 360
seconds, which resulted in 30% loss of DMS, 35 % loss of DEK, and 20% loss of MEK.
The flame ionization detector (FID) signal or total ion chromatogram (TIC) was used to
quantify DMS and reference compound concentrations.

The technique for identification of OH + DMS reaction products was similar to the
experimental methods and parameters for kinetic experiments except that the reference
compound was excluded from the reaction mixture and the DMS concentration was
approximately doubled (6.9—7.7 ppm). The irradiation intervals were the same as in the
kinetic experiments so that total DMS loss was less than 50%. These conditions are
favorable for ascertainment of products from OH attack at a single site on the DMS
molecule. Excessive irradiation may lead to consecutive OH attack at several sites, which
could result in false product identification. The mass selective detector (MS and MS/MS)
and infrared detector (FTIR) were used for product determination.

All measurements were at least duplicated. A relative standard deviation (the data
set standard deviation divided by the data set average) of approximately 2.5% was achieved
with the described sampling method. Several interference experiments were conducted to

assure the validity of the OH rate constant and product identification. They consisted of



looking for possible chromatographic co-elution of methyl nitrite, NO, reference, DMS and
the hydroxyl radical reaction products. Two experiments were conducted to determine the
stability of the reference and DMS co-existing in the same bag. First the reference and
DMS were injected into the bag, quantified, photolyzed for 10 minutes and re-quantified.
Second methyl nitrite, NO, reference and DMS were injected into the bag, quantified, left to
sit overnight and then re-quantified. None of these preliminary experiments yielded
chromatographic peak overlaps or observable reactions occurring without photoinitiation.
The results showed that no significant wall interaction took place. At the end of each run,
the Teflon® bag was cleaned by flushing six times with air containing <0.1 ppm total
hydrocarbon. Measurements of an air-filled bag showed no cross contamination between

runs.

3.0 RESULTS

3.1 OH + DMS Reaction Rate Constant

The OH rate constant for dimethyl succinate (DMS,

CH;0C(=0)CH,CH,C(=0O)OCHj3) was obtained using the relative rate method described
above. Typically five experimental runs were conducted on each DMS/reference pair. The
plot of a modified version of equation I is shown in Figure 1. The In([R]¢/[R];) term is
divided by the respective reference rate constant (methyl ethyl ketone (MEK) (1.15 + 0.29)
x 10" cm® molecule s and diethyl ketone (DEK) (2.0 £ 0.5) x 102 cm® molecule s™)
[16] and multiplied by 10" cm® molecule s™ resulting in a unitless number. This yields a
slope that is equal to the OH + DMS rate constant, kpus, divided by 102 cm® molecules™.

This modification allows for a direct comparison of the two reference compound/DMS data



sets. The slope of combined data, as shown in Figure 1, results in a hydroxyl radical
bimolecular rate constant, Kpms, of (1.46 £ 0.04) x 1072 cm® molecule' s, The data points
at the origin are experimental points because pre-irradiation, t = 0, data showed no
detectable loss of DMS or reference. The error in the rate constant stated above is the 95%
confidence level from the random uncertainty in the slope. Incorporating the uncertainties
associated with the reference rate constants (£ 25%) used to derive the OH + DMS rate

constant yields a final value for kpms of (1.5 £ 0.4) x 1072 ¢m® molecule™ s Assuming an
[OH] =
1 x 10° molecules cm™, the atmospheric (1/e) lifetime calculated for DMS is 190 hours. The
observed OH + DMS rate constant is in excellent agreement with previously measured Kpms
=1.4+0.6 x 102 cm’® molecule's™ [17], and with kpys = 1.15 x 102 cm® molecule™ s
calculated using structure—activity relationships (SAR) [18].

3.2 OH + DMS Reaction Products

The reaction products observed from the initial OH + DMS hydrogen abstraction are
consistent with previously observed hydroxyl radical reaction mechanisms for oxygenated
organic species [1-4]. Typically, the oxygenated organic parent compound reacts with OH
to subsequently generate other oxygenated organic products. For DMS, the OH + DMS
reaction products observed were: monomethyl succinate (MMS,
CH;0C(=0)CH2CH2C(=0)OH) and a secondary product, formic acid (FA, HOC(=O)H).
The specific results for each of these products are described below.

Typically, the loss of the parent compound is plotted against the formation of
products generating a straight line with a slope equal to the product yield. However,

because
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Figure 1. Dimethyl succinate reaction with methyl ethyl ketone and diethyl
ketone. Dimethyl succinate relative rate plot with methyl ethyl ketone (v), and

diethyl ketone (O) as reference compounds. The OH + DMS rate constant, Kpvs,

measured is 1.46 + 0.04 x 102 cm® molecule™ s™.

the OH + DMS reaction products could react with OH, the observed product concentrations
have to be corrected for OH + reaction product reactions. This correction, F, has been

described in detail [19, 20] and has the following form:

10



| - [DMS],

_ (Kows = Kp) X m
Kows [DMSJ)/ _[DMS], I
[DMS], [DMS],

kpwms is the OH + DMS rate constant, and Kp is the rate constant for the reaction of OH with
reaction product. The measured value for kp was used when possible, but ke was calculated
using SAR [18] when no measured value was available in the literature. F, the correction
factor, was multiplied by the product concentration data to account for OH + product
reactions and improve the accuracy of product yield determinations.

3.3 Monomethyl Succinate (MMS, CH3;0C(=0)CH,CH,C(=0)OH)

Using GC/FID, a peak at retention time = 17.7 min was observed to increase with
each exposure to light when performing OH + DMS reaction product experiments. This
product was hypothesized to be monomethyl succinate (MMS), which was verified by
GC/MS/FTIR. Verification was performed by placing 10 mL of a 10% wt. solution of MMS
and water into a 100-L Teflon® bag, heating the bag and chamber to 30°C for 24 hours, and
then sampling as described above. A small solitary peak with the same retention time as the
product peak observed in the product yield experiments verified MMS identification. The
low vapor pressure of MMS made quantification difficult. Instead, the DMS calibration
factor multiplied by 0.75 was used to determine MMS yield (three non-carbonyl carbons in
MMS compared to four non-carbonyl carbons in DMS, assuming C=0 groups do not
contribute to the FID signal). With this assumption, a 2.17 + 0.25% MMS yield from OH +

DMS reaction was observed. The rate constant for OH + MMS,
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1.95 x 102 cm® molecule s™! (calculated using SAR [18]), was used for kp in eq. 7 and
resulted in an average [MMS] correction of 24% (maximum correction 43%).

Figure 2 is a plot of the loss of parent compound, DMS, against the corrected
formation of product, MMS. It should be noted that the corrected product yield exhibited a
linear concentration profile. The lack of curvature strongly suggests that no unusual side
reactions generated or removed the primary reaction product. The reported error in the
product yield is the 95% confidence level from the random uncertainty in the slope of this

plot.
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Figure 2. Plot of monomethyl succinate formed versus DMS reacted. The slope of the
linear least squares analysis with 95% confidence interval is 0.022 £ 0.003.

The MMS yield was lower than expected since SAR predicts fairly equal hydroxyl

radical hydrogen abstraction at the two distinct sites [18]. MMS is highly water soluble and
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oxygenated, which could lead to a significant portion of MMS sticking to the chamber
walls. To check for MMS wall losses, a typical product yield experiment was performed
with a variation in the sampling technique. The chamber was deflated by vacuum until
almost empty (the walls did not touch), partly inflated with dry compressed air, and rinsed
three times with 50 mL portions of methanol. The rinses were collected in a round-bottom
flask, concentrated to 5 mL, and analyzed by liquid injection onto a GC-FID/MS. Traces of
MMS and DMS were detected because the chamber was not completely evacuated to
prevent the walls from touching, but the results demonstrated no evidence of MMS sticking
to the walls nor were other peaks detected.

Product experiments were repeated using GC/MS/FTIR, 2, 4-dinitrophenylhydrazine
(DNPH) derivatization (method described in experimental methods), and GC/MS/MS
(where samples were directly introduced into the mass spectrometer source). None of these
experiments altered the previously observed product yield of MMS.

The apparent “low” MMS yield observed is consistent with previous literature. In
the experimental determination of the OH rate constant for dimethyl adipate (DBE-6,
CH;0C(=0)CH,CH,CH,CH,C(=0)OCHj3) it was determined that the experimental
kon(DBE-6) was two times higher than the calculated kony(DBE-6) using SAR [17]. In this
study, the authors hypothesize that the two central -CH,— groups in DBE-6 are
“underestimated” by current SAR techniques [17]. They conclude that for C—H bonds 3 to a
carbonyl (C=0) and to an ester (C(=O)OR) there is an approximate three-fold enhancement
in the OH radical H-atom abstraction. This B-enhancement was not incorporated in the SAR
estimation method developed by Kwok and Atkinson [6], but neighboring functional group

influence on OH rate constant estimation is now being addressed by the atmospheric
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research community. A new SAR calculation incorporating neighboring-group effects by
Neeb [21] uses “an extended set of group rate constants.” The results of these new
calculations indicate that, overall, only “10% of the molecules show deviations larger than
50%” from experimental values and that “ethers and ketones are in better agreement with
experimental data” than with the Kwok and Atkinson SAR calculation [6].

This B-enhancement may therefore also influence the actual products of OH +
compound. In a Tuazon et al [22] study of OH + dimethyl glutarate (DBE-5,
CH;0C(=0)CH,CH,CH,C(=0)OCH3), monomethyl glutarate was observed as one of the
major products at a yield of 34 + 16%. The formation of monomethyl glutarate is due to H-
atom abstraction at the central -CH,—, which happens to be 3 to two ester groups on either
side. With the possibility that there is OH reactivity enhancements at such sites, it can be
suggested that the yield of monomethyl glutarate is higher than would be expected from
normal SAR calculations, perhaps by a factor of three.

Dimethyl succinate does not have a central -CH,- group that is simply B to an ester
group as with DBE-5 and DBE-6, instead the -CH,- groups are on one side § and on the
other side a to an ester group. Therefore the central -CH,- groups in DMS do not see the -
enhancement as do DBE-5 and DBE-6. Without the enhancement reactivity at the central
—CH,— groups, and perhaps due to steric hindrance, there is less H-atom abstraction at these
two groups compared to DBE-5. Because the mechanism for producing MMS requires
abstraction from one of these central -CH,- groups, one would then expect a much lower
yield of MMS, perhaps 1/3 less than the 34 + 16% monomethyl glutarate yield from DBE-6.

Thus the 2.17 + 0.25% yield of MMS is supported theoretically and experimentally.
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3.4 Formic Acid (FA, HOC(=0)H)

Using a Finnigan Thermoquest GC/Q (MS/MS) and through direct injection of a
cryogenically trapped 1.3-mL gas sample, MS analyses were performed on pre-photolyzed
and photolyzed chamber contents as described above. Spectral subtraction (photolyzed
minus pre-photolyzed) resulted in a large MS ion peak at m/z 46. Further analysis attributed
this peak to formic acid (FA).

FA has poor response using FID and it cannot be chromatographed using a Restek
RTX-1 column, which was used to determine the OH rate constant for DMS and the product
yield of MMS; therefore, a Restek Stabilwax column was placed on a GC/MS and product
studies were conducted as described previously. It was observed that FA’s concentration
was not stable in duplicate runs but always increased for the second sample collection.
Experiments were then conducted where the chamber was photolyzed for 60 sec. and then
GC/MS samples were collected and analyzed every 30 minutes until FA appeared and
stabilized. Each experiment verified that after an induction time, FA was formed, continued
to linearly form for a period of time, and then remained constant, all in the dark after an
initial 60-second photolysis (Figure 3). The formic acid “yield” was approximately unity as
a FA molecule was generated from each DMS molecule consumed. These experiments
strongly suggest that formic acid is a secondary product of a significant primary product.

3.5 Nitrate/Nitrite Products

Nitrate/nitrite product formation has been observed previously in the reaction of
dimethyl glutarate (DBE-5, CH;0C(=0)CH,CH,CH,(O=)COCHj3) and OH [22], thus

experiments were conducted to determine possible nitrate/nitrite products from OH + DMS.
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Figure 3. Formic acid formation over time after initial 60 second photolysis of
3.0 ppm formic acid, 1.9 ppm nitric oxide, and 40 ppm methyl nitrite.

Excess nitric oxide (NO) and nitrogen dioxide (NO,) were added to the chamber (containing
DMS, MN, and NO, concentrations mentioned previously) either before or after photolysis.
Excess NO and NO; should drive the formation of nitrate/nitrite products if the reaction
takes place. Methyl nitrite photolysis creates nitrate and nitrite products that are observed
by the GC-FID and GC/MS/FTIR systems in our laboratory. However, in these
nitrate/nitrite “forcing” experiments, GC-FID experimental results showed no increase in

any “new” product peaks. Also, GC/MS/MS showed no indication of additional products.
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4.0 DISCUSSION
OH reacts with dimethyl succinate (DMS) by hydrogen abstraction. DMS is a large
symmetrical molecule with two distinct sites for possible H-abstraction.
CH; - O - C(=0) - CH, — CH, — C(=0) — O — CH3
I 1 I I
Structure I
Structure—activity relationships [18] indicate a slight favoring for reaction at site II (SAR for
site I =0.218 x 102 cm® molecule™ s™" and for site IT = 0.356 x 10"?cm® molecule s™). As
opposed to producing large product yields, which would lend evidence to its being the
favored site of reaction, it appears that DMS decomposes when attacked at site II. The
products produced from reaction at site II appear to be unstable and quickly react to form
secondary, small molecules such as formic acid. There is a significantly larger yield for
these small molecules from site II than for products from site I, which is evidence for H-
abstraction to preferentially take place at site II. This would be consistent with SAR
estimates. Despite the uncertainty of the OH reaction mechanism, there is agreement
between the SAR calculation (1.15 x 102 cm® molecule™ s'l) and the measured Kpys
(1.5+0.4 x 107'%, this work, and 1.4 + 0.6 x 102 cm® molecule's™ [17].
Depending on the nature of the radical formed by reaction at site I, monomethyl

succinate (MMS, CH30C(=0)CH,;CH,(=0O)COH) may be formed by a-ester rearrangement

[23]. For reaction site I:

CH;0C(=0)CH,CH,(0=)COCH; + OH— CH;0C(=0)CH,CH,(O=)COCH,e + H,0 (1)

CH;0C(=0)CH,CH,(0=)COCH,® + O, + NO — — CH;0C(=0)CH,CH,(0=)COCH,0s + NO,
(via an RO, intermediate) (2)

CH,0C(=0)CH,CH,(0=)COCH,08 — [CH;0C(=0)CH,CH,Ce(OH)OC(=0)H]
— CH;0C(=0)CH,CH,(=0)COH (MMS) + HCeO (via an a-ester rearrangement) 3)

17



Formic acid (FA, HOC(=0)H) is a secondary product possibly formed via an
unstable intermediate. Methyl glyoxylate (MG, CH;0C(=0)C(=0O)H) is easily polymerized
and is not expected to be seen via gas chromatography.

For reaction site II:

CH;0C(=0)CH,CH,(0=)COCH; + OH — CH;0C(=0)CeHCH,(0=)COCH; + H,0 4)

CH;0C(=0)CeHCH,(0=)COCH; + O, + NO —» —» CH;0C(=0)C(O®)HCH,(0O=)COCH; + NO,
(via an RO, intermediate) (5)

CH,0C(=0)C(O®)HCH,(0=)COCH; — CH;0C(=0)C(=0)H (MG) + # CH,C(=0)OCH,
(deecomposition) (6)

CH;0C(=0)CeHCH,(0=)COCH; — — (Intermediate) — Unknown + HOC(=O)H (FA)
(via unknown intermediate) (7)

CH,0(0=)Ce —» CO, + ¢CH, (8)

The radical product in Reaction 6 will continue to react:
eCH,C(=0)CH; + O, + NO —» — e OCH,C(=0)CH; + NO, (via an RO, intermediate)  (9)
e OCH,C(=0)CH; — H,C(=0) + ¢ C(=0)OCH; (10)
¢C(=0)OCH; — CO, + oCH; (11)
Formic acid (FA) is produced as a secondary product via an unknown mechanism at
this time. The rest of DMS decomposition product (Reactions 9—11) will subsequently
produce CO; and H,CO, neither of which can be monitored due to high background levels
and/or their production from the photolysis of methyl nitrite. The slow rise and plateau of
FA suggests that there is a limited source of the FA precursor. The fact that the observed
[FA] is approximately equivalent to [DMS] lost to reaction with OH also suggests an initial

product that breaks down resulting in FA.
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Another possible decomposition pathway of Reaction 6 could produce methyl (2-
formyl) acetate (MFA, HC(=0)CH,(0O=)COCH3):
CH;0C(=0)C(O®)HCH,(0=)COCH; —» HC(=0)CH,(0=)COCH; (MFA) + ¢ C(=0)OCH; (12)
¢C(=0)OCH; — CO, + oCHj (13)

MFA is similar in structure to ethyl (2-formyl) acetate (EFA,
HC(=0)CH,(0O=)COCH,CH3), a product observed by this laboratory in the study of OH +
3-ethoxypropionate [24]. Therefore if MFA were produced, it should be detected by
GC/MS. Close examination of the product data revealed no evidence of the formation of
MFA.

The proposed OH + DMS reaction mechanism is shown in Figure 4.
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Figure 4. Proposed reaction mechanism for hydroxyl radical with dimethyl
succinate. Major products are in bold typeface.
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